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We report the tunneling anisotropic magnetoresistance (TAMR) in fully epitaxial Fe/Barrier/Fe
(001) magnetic tunnel junctions (MTJs) where the Barrier is annealed MgO, MgAlOx, MgO-
MgAlOx, or as-grown MgO/MgAlOx. The TAMR was measured as the magnetization of Fe elec-
trodes rotated from in-plane to out-of-plane. The angular dependence of TAMR for all samples
exhibited superposed behavior of twofold and fourfold symmetries. The proportion of fourfold
symmetry is larger in MTJs with MgO and MgO-MgAlOx than that in MTJs with MgAlOx and
MgO/MgAlOx barriers. By characterizing inelastic electron tunneling spectroscopy in the antiparal-
lel state and parallel conductance of the MTJs, we revealed diverse minority interfacial resonant
states (IRSs) and different contributions from D1 and D5 symmetry states to the conductance in the
MTJs. Our results illustrate that the minority IRS dominated by D5 symmetry can mix with major-
ity D1 states and give rise to the enhanced fourfold symmetric angular dependence in MTJs with
MgO and MgO-MgAlOx barriers. Published by AIP Publishing. https://doi.org/10.1063/1.5027909
Tunneling magnetoresistance (TMR) in magnetic tunnel
junctions (MTJs) has been extensively studied1–5 due to its
important applications in spintronic devices. The TMR origi-
nates from spin-dependent tunneling between two ferromag-
netic electrodes through a thin barrier. Different from TMR,
tunneling anisotropic magnetoresistance (TAMR), which is
caused by the interplay between anisotropic density of states
(DOS) of magnet and magnetization, requires only one mag-
netic electrode in the junctions.6,7 The simplicity of the struc-
tures for TAMR is attractive for applications and has attracted
much attention.6,8–14 The anisotropy of DOS with respect to
the magnetization direction is attributed to spin-orbit coupling
(SOC).9,10 Relatively large TAMR was observed in junctions
consisting of materials with strong SOC, such as GaMnAs8,15
and Pt.13 Furthermore, a finite TAMR was also noticed in
MTJs with transition metal11–13,16 despite the weak SOC in
the system.
The TAMR in AlOx or MgO barrier based MTJs has been
experimentally reported,11,13,16,17 and the angular dependence
with twofold and fourfold components was observed, which is
attributed to minority interfacial resonant states (IRSs) coupled
to D1 states.
11 In epitaxial Fe/MgO/Fe MTJ, different minority
IRSs have been revealed17,18 and a relatively large TAMR was
observed17 due to the shift of the resonant surface band via the
Rashba effect.10 It seems that the minority IRSs have a signifi-
cant impact on TAMR. Recently, the MgAlOx oxide with the
spinel structure has been investigated as a promising candidate
for the MTJ barrier due to its smaller lattice mismatch with a
usual ferromagnetic electrode.19–24 An improved bias depen-
dence of TMR19,25 and enhanced quantum well states26 in
MgAlOx barrier based MTJs have been realized owing to the
high quality of the MgAlOx/ferromagnet interfaces. The IRSs,
which impact the TAMR effect, should be modified in MTJs
with different barriers. In this work, we studied the TAMR and
its angular dependence in fully epitaxial MTJs with four kinds
of barriers (annealed MgO, MgAlOx, MgO-MgAlOx, or as-
grown MgO/MgAlOx barrier), where different IRSs were
observed by inelastic electron tunneling spectroscopy (IETS)
in the different samples. The TAMR displayed different sym-
metries of angular dependence, and its relationship with IRSs
has been discussed.
MTJs with different barriers were grown on MgO sub-
strates by molecular beam epitaxy (MBE) with the following
structure: Fe(45 nm)/Barrier/Fe(10 nm)/Co(20 nm)/Au(15 nm).
Before depositing the multilayers, the MgO substrate was first
annealed at 650 C for 30 min and 10 nm MgO seed layer was
deposited. The bottom Fe of all the samples was annealed
in situ at 500 C for 30 min to flatten the surface. Then,
the Barrier layers were deposited at room temperature (RT).
The thickness is controlled by the intensity oscillation of
reflective high energy electron diffraction (RHEED) with
monolayer (ML) precision. Three samples were prepared
with the Barrier of MgO (12 ML), MgAlOx(12 ML), or
MgO(5 ML)/MgAlOx(7 ML). The top Fe of the three samples
was annealed at 400 C to improve the quality of crystallin-
ity. Hereafter, they are named as MgO, MgAlOx, and MgO-
MgAlOx MTJ, respectively. For comparison, another sample
with a MgO(5 ML)/MgAlOx(7 ML) barrier but the top Fe
without any annealing was deposited to avoid the mixture of
MgO and MgAlOx during annealing,
25 hereafter, named as
MgO/MgAlOx MTJ. All the samples were patterned into
junctions with a size of 20 20 lm2 by UV lithography com-
bined with ion milling. The transport properties were
a)Authors to whom correspondence should be addressed: yuan.lu@univ-
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measured by the two-probe method, where negative bias cor-
responds to the electrons tunneling from the top to bottom
electrode. The TAMR measurement was performed at 10 K
in a Physical Property Measurement System (PPMS) by
measuring the differential resistance Rd ¼ dV/dI using an AC
lock-in method. The magnetic easy axis of the electrode, the
film normal direction ~n, and the magnetic field ~H were
arranged in the same plane. The schematics of the measure-
ment setup and structure of MTJs are shown in Fig. 1(a). Rd
was measured as a function of angle h between ~H and ~n,
where a magnetic field of 5 T was applied to saturate the
magnetization of electrodes and the sample was rotated from
h¼ 0 to h¼ 360.
Figure 1(b) shows the temperature dependence of the
TMR ratio of all the samples at a bias voltage of 10 mV. A
common feature is that the TMR ratio increases with the
decreasing temperature, resulting from that RAP increases
rapidly while RP varies slightly with decreasing temperature.
As shown in Fig. 1(b), we can obtain a TMR ratio of 154%
at room temperature (RT) and 305% at 20 K for MgO MTJ,
indicating the high quality of MgO MTJ. A much lower
TMR ratio at RT (74%) and 20 K (121%) was gained for
MgAlOx MTJ. This could be explained by the “band
folding” effect of Fe in the MgAlOx barrier,
21 which creates
a new conductive channel in the minority states with D1 sym-
metry and reduces the effective spin-polarization of the Fe
electrode. The TMR ratio is improved in the composite
MgO-MgAlOx MTJ, which is 100% at RT and 157% at
20 K, indicating a suppression of the “band folding” effect.
While for MgO/MgAlOx MTJ with un-annealed top Fe, the
TMR is only 57% at RT and 87% at 20 K, which is even
lower than that of MgAlOx MTJ. This result demonstrates
that the annealing process is necessary to improve the TMR
in fully epitaxial MTJs.27
The angular dependence of Rd with bias voltage from
0.9 V to 0.9 V is shown in Figs. 2(a)–2(d) for MgO,
MgAlOx, MgO-MgAlOx, and MgO/MgAlOx MTJs, respec-
tively, where / denotes the angle between the Fe magnetiza-
tion direction and film normal ~n. Rd is normalized to its
average value over h at each bias. After taking into account
the Zeeman and the demagnetization energy, the relation
between h and / can be given by minimizing the total energy
HMs sin / hð Þ  2pM2s sin 2/ ¼ 0 ; (1)
where H is the magnetic field and Ms is the saturation mag-
netization of Fe. The red solid curves are fitting results by
the following equation:
Rd ¼ A0 þ A2 cos 2/þ A4 cos 4/ ; (2)
where A0, A2, and A4 are the fitting parameters. Taking
4pMs¼ 2.1 T,28 we can obtain very good agreement between
data and fits.
For MgO and MgO-MgAlOx MTJs, the angular depen-
dence shows pronounced components of twofold and
FIG. 1. (a) Schematics of the MTJ structure and measurement setup for
TAMR by an AC lock in method and (b) temperature dependence of the
TMR ratio of MgO, MgAlOx, MgO-MgAlOx, and MgO/MgAlOx MTJs at a
bias of 10 mV.
FIG. 2. Normalized dV/dI as a function of / at different bias for MgO (a),
MgAlOx (b), MgO-MgAlOx (c), and MgO/MgAlOx (d), respectively, where
symbols are experimental data and the red lines are fitting curves. The num-
bers in the figure denote the value of bias voltage. There is a vertical offset
between different curves for clarity. (e) and (f) show the corresponding fit-
ting parameters A2/A0 (black) and A4/A0 (red) dependence on bias.
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fourfold symmetries and the position of the Rd extrema
changes at different bias. For MgAlOx MTJ, the TAMR
curves are mainly dominated by twofold symmetry and the
minimum of Rd is observed at /¼ 90 and 270 for all bias
voltages, which is quite different from that of MgO MTJ.
The angular dependence of MgO/MgAlOx MTJ is also domi-
nated by the twofold component, but its extrema vary with
bias. To estimate the proportion of twofold and fourfold
components of angular dependence of Rd, we plotted A2/A0
and A4/A0 as a function of bias as shown in Figs. 2(e)–2(h).
For MgAlOx MTJ, the TAMR effect is much increased and
the sign of A2 and A4 exhibits no change with bias. The pro-
portion of twofold symmetry is much higher than that of
fourfold symmetry. Generally, the angular dependence of the
TAMR effect in MTJs is twofold-symmetrical.11,29 Thus, the
enhancement of the TAMR effect in MgAlOx MTJ is mainly
presented by A2/A0 and no much increase was observed in
A4/A0. While for the other three samples, A2 and A4 change
their sign with bias and A4 shows a parabolic like behavior
as a function of bias. In addition, MgO/MgAlOx MTJ shows
a much weaker fourfold component than MgO and MgO-
MgAlOx MTJs.
To give a comprehensive perspective of the TAMR,
Figs. 3(a)–3(d) show the normalized Rd as a function of bias
voltage and angle h with steps of 50 mV and 2, respectively.
The magnitude of Rd is represented by the color in the plot.
Noticeably, MgAlOx MTJ shows distinct features from the
other three samples. The angular dependence of MgAlOx
MTJ mainly shows a twofold symmetry, and the bias depen-
dence is rather symmetric about zero bias. The minima of Rd
are at h ¼ 90 and 270 for all bias voltage from 1.2 V to
1.2 V, and the amplitude of TAMR increases with increasing
bias voltage. While, for the other three samples, the bias and
angle dependence of Rd are rather complicated compared to
those reported in CoFe-MgO-CoFe MTJs,11 we can still
extract some common features for the three samples. First,
their bias dependence is asymmetric and the TAMR is large
at low bias. Second, within the bias range around from
0.3 V to 0.3 V, the minimum of Rd is at h ¼ 90 and 270,
while for bias voltage below 0.3 V, the maximum of Rd
locates at h¼ 90 and 270, indicating a sign change of
TAMR. With further decreasing bias voltage, there is a sign
change again in MgO and MgO-MgAlOx MTJs but the
MgO/MgAlOx MTJ remains the same. For bias below
0.8 V, there is a clear second set of peaks in MgO and
MgO-MgAlOx MTJs, indicating a clear evidence of fourfold
symmetric angular dependence, but no obvious change was
observed in MgO/MgAlOx MTJs.
It is well known that the minority IRSs related to interfa-
cial electronic structures also have an important impact on
transport properties,18,30,31 which possibly accounts for the
observed different TAMR behavior in MTJs with different
barriers. To identify the minority IRSs, we performed the
IETS measurement of the samples in the antiparallel (AP)
state. It is easy to clarify the minority IRSs in the AP state
when electrons tunnel from occupied majority states to unoc-
cupied minority states. Figures 4(a)–4(d) show d2I/dV2
curves in the AP state at different temperatures for MgO,
MgAlOx, MgO-MgAlOx, and MgO/MgAlOx MTJs, respec-
tively. The insets are corresponding zoom-in of the area in
the dashed square. For MgO MTJ, there are several clear
peaks, which is consistent with the reported results.17 The
peaks at60.03 V can be attributed to magnon excitation32
related to the spin-flip events in the AP state. The peaks at
0.16 V and 1.0 V labeled as IRS1 and IRS2, respectively,
are attributed to IRS at the bottom Fe/MgO interface. It has
been well established that both IRSs contain minority D1
states and minority D5 states, but IRS1 is dominated by
minority D5 states, while IRS2 is dominated by minority D1
states.17 The IRSs are very sensitive to chemical bonding
17and roughness or defects at the interface.18 No peaks were
observed at positive bias, indicating that the IRSs vanished
at the top MgO/Fe interface due to the roughness of the top
interface. For MgAlOx MTJ, no IRSs but only weak magnon
peaks were observed. The disappearance of IRSs at the Fe/
MgAlOx interface is reasonable due to different electronic
structures and interfacial environments. The lattice constant
of the spinel MgAl2O4 barrier is twice that of the Fe elec-
trode, resulting in the “band-folding” effect in Fe,21 which
leads to different interfacial band structures. In addition, the
stable Fe/MgAl2O4 interface is Fe atoms on top of O atoms
of MgAl2O4 with octahedral Al terminated,
21 which is differ-
ent from that of MgO MTJ.
For the MgO-MgAlOx sample, the d
2I/dV2 curve shows
the same peaks of magnon, IRS1, and IRS2 as that of MgO
MTJs. This proves that the Fe/MgO-MgAlOx interface is the
same as that of MgO MTJ and there is no Al diffusion into
the interface during the annealing process. However, for
MgO/MgAlOx MTJ, there are only peaks of magnon and
IRS1 in the d2I/dV2 curve. This proves that the annealing
process not only improves the crystal quality of the top Fe
electrode but also modifies the bottom Fe/MgO interface
environment. The bottom Fe electrodes of MgO-MgAlOx
and MgO/MgAlOx MTJs were annealed in situ to flatten the
surface, and the barriers were grown in a two-dimensional
layer-by-layer mode. The roughness of the bottom interfaces
and crystal ordering of barriers should be the same for
the two samples, which change slightly during annealing of
the top Fe film in MgO-MgAlOx MTJ. The difference of
FIG. 3. Normalized dV/dI as a function of bias voltage and angle h for MgO
(a), MgAlOx (b), MgO-MgAlOx (c), and MgO/MgAlOx (d) MTJs, respec-
tively. The magnitude of dV/dI is shown by the color.
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interfaces for the two samples may be attributed to Fe oxide.
In typical epitaxial Fe/MgO/Fe MTJ, the existence of FeO
oxide at the bottom interface has been proposed.33 The Fe
oxide at the un-annealed Fe/MgO bottom interface may be
different. It has been proved that the annealing process can
transform the interfacial oxide from a more Fe2O3-like phase
in the as-grown state to a more FeO-like phase.34 The modi-
fication of Fe oxide at the interface can account for the dif-
ferent IRSs in the MgO-MgAlOx and MgO/MgAlOx MTJs.
The role of IRS in transport can be evidenced by charac-
terization of parallel conductance of MTJ. Figures 5(a)–5(d)
show the parallel differential conductance at different tem-
peratures for MgO, MgAlOx, MgO-MgAlOx, and MgO/
MgAlOx MTJs, respectively. The conductance of MgO MTJ
shows a bump between60.25 V, which is a typical feature
of single crystal MgO MTJ.35 The bump reflects the majority
D5 band structure of bulk Fe (001), which lies at about
0.2 eV above the Fermi level. When the bias voltage is larger
than 0.2 V, the contribution from D5 states to the conduc-
tance is eliminated, resulting in a local minimum of the con-
ductance. The conductance of MgAlOx MTJ is quite flat
between60.25 V. This indicates a negligible contribution
from the D5 band compared with the D1 band due to large
contribution of D1 states in both majority and minority chan-
nels in P states.21 The MgO-MgAlOx MTJ shows a similar
characteristic to that of MgO MTJ, while we could not find
any local minima in the conductance spectrum of the MgO/
MgAlOx MTJ.
We argue that the different electronic structures are
responsible for the different TAMR behaviors of the MTJs.
The main difference of the TAMR is the symmetry of angu-
lar dependence, i.e., the proportion of fourfold symmetry in
MgO and MgO-MgAlOx MTJs is much higher than that in
MgAlOx and MgO/MgAlOx MTJs. The angular dependence
of out-of-plane TAMR is twofold-symmetrical only if the
second order of the SOC field is considered.29 The fourfold
component of TAMR was also observed in sputtered MgO
MTJ and attributed to the coupling of minority IRS and
majority D1 band.
11 Furthermore, it has been confirmed that
the IRS1 dominated by minority D5 states can mix with
majority D1 states via SOC at the interface to generate new
states in single crystal Fe/MgO/Fe MTJ.17 The new states
contribute to the D5 related conductance bump mentioned
above and result in an nonmonotonic temperature depen-
dence of conductance at low bias.17 In our case, the parallel
conductance within bump range shows nonmonotonic tem-
perature dependence and minimum locates at around
T¼ 150 K, as shown in Figs. 5(a) and 5(c), which is consis-
tent with the reported results.17 Therefore, we argue that the
mixture of IRS1 and majority D1 states gives rise to the
enhanced fourfold symmetric angular dependence of TAMR
in MgO and MgO-MgAlOx MTJs. The mixture state is not
only a mixture of D1 and D5 symmetry but also the mixture
of spin-up and spin-down, which can contribute to the paral-
lel conductance with both negative bias and positive bias,
resulting in the related local minimum of parallel conduc-
tance. Thus, A4/A0 is symmetric as a function of voltage
though the IRS can only be detected in negative bias. For
MgO/MgAlOx MTJ, the IRS1 cannot mix with majority D1
states efficiently, which can be confirmed by the featureless
parallel conductance. Thus, MgO/MgAlOx MTJ shows a
much weaker fourfold symmetric angular dependence of
TAMR. For the same reason, MgAlOx MTJ without of IRSs
shows a main twofold symmetric angular dependence of
TAMR.
In summary, we fabricated four different fully epitaxial
MTJs with the core structure of Fe/Barrier/Fe (001), where
the Barrier is MgO, MgAlOx, MgO-MgAlOx, and MgO/
MgAlOx, respectively. All the Fe layers were in situ
annealed to improve the crystal quality and flatten the sur-
face except the top Fe layer of MgO/MgAlOx MTJ. The
highest TMR ratio is obtained in MgO MTJ, while MgO/
MgAlOx MTJ shows the lowest TMR. The TAMR effect in
these MTJs was characterized at 10 K with the magnetization
of Fe tilted from in-plane to out-of-plane at different bias
voltages. The angular dependence of TAMR shows the main
twofold symmetry in MgAlOx and MgO/MgAlOx MTJs, but
an enhanced fourfold symmetry was observed in MgO and
MgO-MgAlOx MTJs. By measuring the IETS in AP states
FIG. 4. Inelastic electron tunneling spectroscopy (IETS) in AP states at dif-
ferent temperatures for MgO (a), MgAlOx (b), MgO-MgAlOx (c), and MgO/
MgAlOx (d) MTJs, respectively. Insets show the zoom-in of the area in the
dashed square. Magnon peaks and IRSs are denoted.
FIG. 5. Parallel differential conductance at different temperatures for MgO
(a), MgAlOx (b), MgO-MgAlOx (c), and MgO/MgAlOx (d) MTJs, respec-
tively. The arrows in (a) and (c) denote the local minima of the conductance.
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and parallel conductance, we found that the IRS dominated
by minority D5 states can mix with majority D1 states in
MgO and MgO-MgAlOx MTJ, giving rise to the enhanced
fourfold symmetric angular dependence of TAMR.
See supplementary material for the temperature depen-
dence of parallel and antiparallel resistance for all the
samples.
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